Spermatophores are described in the microbothriid monogenean Dermopristis cairae from the giant shovel-nosed ray, Glaucostegus typus (Elasmobranchii, Rhinobatidae). Each spermatophore consists of a fusiform capsule containing sperm and a hollow stalk. The proximal ends of the stalks of fully formed spermatophores were open and located in a recess on the ventral surface close to, but not inside, the vagina and the male reproductive opening. Three adult parasites carried spermatophores attached externally to the ventral surface. One individual carried 3 spermatophores and 2 others a single spermatophore. In addition, in 2 adults, short lengths of what appeared to be stalk remnants were observed attached near the reproductive openings. With regard to spermatophore exchange, the evidence in support of the following 2 possibilities is discussed. (1) Adult specimens of D. cairae carrying fully formed spermatophores ventrally are recipients not donors, having received their spermatophores singly during mating events. (2) Spermatophore carrying adults are donors, their spermatophores being freshly made and on offer to a potential mate. The evidence points to the first of these alternatives as the most likely but this is not conclusive and requires observations on mating between living parasites.
Introduction
The microbothriid monogeneans Dermopristis paradoxus Kearn, Whittington et Evans-Gowing, 2010 and D. cairae Whittington et Kearn, 2011 are ectoparasites of Pristis microdon (Elasmobranchii, Pristidae) and Glaucostegus typus (Elasmobranchii, Rhinobatidae) respectively. A striking feature of the anatomy of these parasites is the lack of a recognisable male copulatory organ (penis or cirrus) and the relatively spacious lumen and glandular wall of the male reproductive tract Kearn 2011) . These features are consistent with spermatophore assembly and spermatophore exchange as a means of cross insemination. No spermatophores were found associated with specimens of D. paradoxus (see Kearn et al. 2010) , but Whittington and Kearn (2011) found fusiform capsules attached externally to the ventral surfaces of some adult specimens of D. cairae (see Whittington and Kearn 2011, Fig. 4 ). Whittington and Kearn (2011) considered the possibility that the capsules were eggs. Although no eggs were observed, the size and shape of the ootype indicated that the eggs of D. cairae are significantly smaller than the external capsules and are probably tetrahedral. Consequently it was concluded that the capsules were spermatophores. This finding offered an opportunity to throw light not only on the structure of these spermatophores but also on the mechanics of spermatophore exchange. The conundrum is to resolve 2 alternative options. First, are the spermatophores of D. cairae noted by Whittington and Kearn (2011) recently received from another individual or second, are they freshly assembled and in the process of being offered to a potential mate? It was found necessary to resort to sectioning in an attempt to solve this problem. *Corresponding author: G.Kearn@uea.ac.uk Graham C. Kearn et al. 372 
Materials and methods
The specimens of D. cairae were collected by Professor J. Caira and Dr K. Jensen in 2001, during freshwater treatment of a giant shovel-nosed ray, Glaucostegus typus (Bennett) (see Whittington and Kearn 2011 for further details of provenance). Three adult parasites carried spermatophores attached to the ventral surface. One parasite carried 3 spermatophores (an unregistered adult specimen that contributed to the original description of D. cairae, but not part of the type series, see fig. 4 of Whittington and Kearn 2011; Fig. 1 ) and 2 parasites each carried a single spermatophore. One of the 2 last-named parasites deposited in the Australian Helminthological Collection (AHC) of the South Australian Museum (SAMA, paratype number SAMA AHC 29664) was borrowed for this study. The other parasite with a single attached spermatophore and an additional adult parasite lacking attached, fully formed spermatophores both carried what were considered to be possible spermatophore remnants and have been deposited in SAMA as part of a series of 6 voucher specimens of D. cairae (SAMA AHC 35259). All specimens were unstained, except for paratype SAMA AHC 29664, which was stained with Semichon's carmine. Spermatophores attached to whole mounts were studied using bright field and phase contrast optics. Measurements of spermatophores were made with an ocular micrometer and are presented in micrometres unless stated otherwise. Where appropriate, measurements are followed by the range in parentheses and the number of measurements.
The unregistered mounted specimen carrying 3 fully formed spermatophores was later soaked in xylene to remove the Canada balsam and to detach the specimen. The central reproductive region of the body, including the 3 attached spermatophores, was cut out and embedded in LR White embedding medium (London resin; Agar Scientific). Serial transverse sections cut at a thickness of 1.5 µm were stained in 0.25% toluidine blue in 1% borax and viewed with a light microscope using bright field and phase contrast optics. Some ultrathin sections through the spermatophores were cut from the block and processed for transmission electron microscopy (TEM) as described in Tappenden et al. (1993) .
Results
Each spermatophore consists of a fusiform capsule, tapering proximally to a long stalk (Figs 1, 2) that connects the spermatophore to the ventral surface of the parasite. The spermatophore stalk is hollow throughout its length. Length measurements of capsules and stalks are approximate, since capsules merge gradually into stalks and the proximal terminations of the stalks were not identified in whole animals viewed with a light microscope. Capsules were 450-500 long Kearn et al. 374 thickness of the wall of the stalk reduces to 6-8 near the bend. The length of the stalk proximal to the bend is approximately 250. Thus the total length of the whole spermatophore, including the stalk, approaches 1.5 mm. A short crumpled tubular or tapering region of capsule wall seals the distal end of the capsule (Fig. 2) .
In the adult with 3 spermatophores, the proximal ends of the stalks converge, but, in the whole animal, the location of the proximal termination of the stalks in relation to reproductive anatomy was uncertain (Fig. 1) . The affinity for Semichon's carmine of the single spermatophore carried by the whole-mounted paratype (SAMA AHC 29664) was not effective as a means of determining where the spermatophore stalk terminated and this was also true of the other adult specimen carrying a single spermatophore. The opening of the male reproductive system is relatively large and conspicuous and is located ventrally on the left side of the body in whole animals ( Fig. 1 ; see also Whittington and Kearn 2011, figs. 1, 2) , but the openings of the vagina and the female reproductive tract were not visible in whole mounts. It was therefore necessary to resort to transverse, serial, semithin sections through the reproductive region of the parasite carrying 3 spermatophores to identify these genital openings and to determine where the stalks terminated in relation to these openings.
Sections taken for imaging with the TEM were large (with an area of about 5 mm 2 ) because of the need to maintain the specimen for serial semithin sectioning for light microscopy. This resulted in sections thicker than is optimal for TEM and, when combined with possible sub-optimal preservation, led to less than desirable resolution. Nevertheless, there was no difficulty in determining that the spermatophore capsules contained large quantities of sperm (Fig. 5) .
The spermatophore stalks converge on a recess in the ventral surface (Figs 6, 7) . This recess receives the relatively large opening of the male reproductive tract (Fig. 9) and, close by, the tiny opening of the vagina (Fig. 7) , which is between 1 and 2 in diameter. The opening of the female reproductive tract (uterus) is also relatively small and close by, but outside and posterior to the ventral recess ( Fig. 8 ) and therefore more distant from the male opening than the vaginal aperture. Where the stalks enter the recess, extraneous material with a weak affinity for toluidine blue is attached to the stalks (Figs 6, 9 ). This material can be seen more clearly using phase contrast optics and is notably absent from the distal surfaces of the spermatophores. In some places, the surfaces of the spermatophore capsules and stalks are in intimate contact with the ventral tegument (Figs 3, 4, 6, 9 ).
In the ventral recess the spermatophore stalks taper to a diameter of about 20, but the stalks do not enter the male, vaginal or uterine openings. Indeed, the vaginal opening would need to expand greatly to admit a spermatophore stalk. The stalks terminate in the recess and are open proximally (Fig. 9) , so there is nothing to prevent the escape of sperm into the recess.
In the sectioned specimen the spacious lumen of the distal region of the male reproductive tract leading to its opening in the ventral recess contained an irregularly shaped, compact mass of material with a weak affinity for toluidine blue (Fig. 7c) . No connection was found between this material and the external spermatophores.
All fully formed spermatophores, except 2, were orientated with their capsules directed anteriorly or antero-laterally (e.g. Fig. 1 ). The exceptions were 2 adults each with a single attached spermatophore directed postero-laterally (SAMA AHC 29664, SAMA AHC 35259, specimen E). Adjacent to the proximal end of the stalk in the second specimen was what appeared to be a remnant of a second spermatophore stalk. A similar spermatophore remnant, lacking a capsule, was found attached in the same location on another adult (SAMA AHC 35259, specimen F), but no fully formed spermatophore was found accompanying this remnant.
Discussion
The spermatophores of the microbothriid monogenean Dermopristis cairae are described. They are fusiform with a single-layered, rigid, outer casing tapering proximally to form a long hollow stalk. The question arises as to whether spermatophores of D. cairae attached externally have been received from a donor parasite or are on offer to a potential mate.
The capsalid monogeneans Neoentobdella diadema (Monticelli, 1902) Kearn et Whittington, 2005 , N. apiocolpos (Euzet et Maillard, 1967 Kearn et Whittington, 2005 and N. garneri Whittington et Kearn, 2009 produce elongated, externally attached, spermatophores with rigid external casings, resembling those of D. cairae (see Kearn et al. 2006, figs 1-5, 7; Whittington and Kearn 2009 , figs 1, 3) . However, the terminal region of the male reproductive tract, responsible for assembling and delivering the spermatophores in these capsalids, incorporates a prominent copulatory organ, unlike D. cairae where a corresponding organ is absent. These capsalid parasites with spermatophores attached externally were recipients not donors, since the stalks of the spermatophores were lodged in the vaginal openings. The proximal ends of the stalks of the spermatophores of D. cairae are open, but, surprisingly, the serial sections revealed that the proximal ends of the stalks were not lodged in the vaginal opening or indeed in the nearby openings of the male reproductive tract or the uterus. The ends of the stalks were located in a ventral recess and therefore close to the vaginal opening and the male opening.
An obvious explanation is that, in the living animal, the ends of the stalks of the spermatophores were lodged in either the vaginal opening (if a recipient) or the male opening (if a donor) and that during preservation and subsequent treatment, the stalks were dislodged. However precautions were taken to prevent such movement and if the spermatophores were not disturbed during processing, the question arises as to how the spermatophores are attached to the parasites. The extraneous material attached to the terminal regions of the stalks (Figs 6, 9) may serve as a temporary adhesive to hold the spermatophores in place. Alternatively this material may be sperm that has escaped from the openings at the proximal ends of the spermatophore stalks.
The spermatophore of the capsalid monogenean Entobdella soleae (Van Beneden et Hesse, 1864) Johnston, 1929, like that of D. cairae, is attached externally in the region of a tiny vaginal opening (Kearn 1970) . The difference is that the sperm inside the spermatophore of E. soleae is enclosed, not in a rigid external casing, but in a layer of jelly-like material. Mating and spermatophore exchange has been observed in Entobdella soleae (see Kearn 1970) . After separation of the mating pair, vigorous body contractions draw the sperm into the vagina and the rest of the spermatophore is discarded. It is possible that sperm is assimilated in a similar way in D. cairae. The openings of the hollow stalks are close to the vaginal opening and sperm may be drawn into the vagina from the recess. The empty spermatophore capsules of D. cairae may be released by a break in the stalk, leaving behind a short length of proximal stalk, what we have termed a spermatophore remnant, still attached in the ventral recess.
Another interpretation is that the spermatophore-bearing individuals of D. cairae are donors, that is, the attached sper-matophores were assembled by these individuals and are on offer to a potential mate. If this interpretation is correct then the spermatophore remnants may be the proximal ends of the stalks left behind after donation is completed. However, the notion that the attached spermatophores are destined to be donated presents some difficulties. Unless the parasites have some means of reversing the spermatophore during transferan unlikely manoeuvre -then the donated spermatophores would be attached to a recipient by the distal, closed, truncated end of the capsule, not by the stalk, seemingly rendering the hollow stalk redundant. Kearn et al. (2006) suggested that the transfer of spermatophores in Neoentobdella spp. may be so rapid, indeed as it is in E. soleae (see Kearn 1970) , that the chances of finding an individual offering an externally attached spermatophore are small. It is possible that spermatophores of D. cairae ready to be donated are retained internally within the spacious distal region of the male reproductive tract until such time as contact with a receptive partner occurs. Then if spermatophore exchange is as rapid in D. cairae as it is in E. soleae, externally attached spermatophores on offer to a partner are unlikely to be encountered. The contents of the distal region of the male reproductive tract of D. cairae (e.g. Fig. 7) , and/or the spermatophore remnants encountered occasionally, could be material destined for incorporation in a new spermatophore.
The presence of 3 attached spermatophores as in one specimen of D. cairae might result from the lack of potential mates or failure of potential mates to accept offered spermatophores, leading to the accumulation of spermatophores on offer. The alternative explanation is that the specimen of D. cairae is a recipient not a donor, the 3 spermatophores being accepted one at a time during three separate mating events, as proposed by Kearn et al. (2006) for specimens of the capsalids N. diadema and N. apiocolpos carrying externally 2 or 3 spermatophores. It is less likely that all 3 spermatophores of D. cairae were received during a single mating since, although the distal region of the male reproductive tract is spacious, it appears to lack sufficient space to assemble and accommodate more than 1 spermatophore (Fig. 1) .
There may be another, more radical, explanation for the contents of the distal region of the male reproductive tract in the sectioned specimen of D. cairae. It is conceivable that the contents are the remains of previously received spermatophores, which, after admission to the spacious distal region of the male tract, underwent digestion to release their sperm, which could then be assimilated via the nearby vaginal opening. Llewellyn and Euzet (1964) suggested that digestion of the spermatophore casing may occur in Entobdella (= Neoentobdella) diadema, but they regarded the distal region of the vagina as the site where this digestion might take place. The vagina of D. cairae is too small to accommodate the large sperm-filled capsule of 1 of its spermatophores and it seems unlikely that the male tract of D. cairae has the ability to switch from the assembly of a spermatophore ready for donation, to the digestion and assimilation of a spermatophore received during mating.
In conclusion, it seems more likely that the externally attached spermatophores of D. cairae have been received one at a time from donor parasites, but confirmation is required by study of living parasites. If attached spermatophores have been received from a donor, then they may provide an external reservoir of sperm for the recipient and may compensate for the lack of a seminal receptacle in D. cairae, assuming that the spermatophore remains in situ long enough for all its contents to be assimilated.
